Background and Aims The recurrence of wildfires is predicted to increase due to global climate change, resulting in severe impacts on biodiversity and ecosystem functioning. Recurrent fires can drive plant adaptation and reduce genetic diversity; however, the underlying population genetic processes have not been studied in detail. In this study, the neutral and adaptive evolutionary effects of contrasting fire regimes were examined in the keystone tree species Pinus halepensis Mill. (Aleppo pine), a fire-adapted conifer. The genetic diversity, demographic history and spatial genetic structure were assessed at local (within-population) and regional scales for populations exposed to different crown fire frequencies.
INTRODUCTION
Wildfires influence plant species composition in natural environments and play an important role in the distribution of biomes worldwide (Pausas and Keeley, 2009 ). In Mediterranean ecosystems, wildfires are a common feature (Keeley et al., 2012) ; however, the predicted rise in temperatures and reduction in precipitation due to climate change (De Castro et al., 2005) are expected to increase fire recurrence in the coming decades (e.g. Pausas, 2004) . Anthropogenic land use change increases fuel availability, and might therefore lead to a shift from fuel-limited to drought-driven fire regimes (Pausas and Fern andez-Muñoz, 2012) . Hence, studies aiming to understand the effects of fire events on biodiversity are especially important in the face of global change.
Wildfires are major selective drivers shaping adaptive plant traits (Keeley et al., 2011; Pausas, 2015) . Adaptive strategies to fire regimes vary substantially in different plant groups and geographic regions (Pausas et al., 2004a; Keeley et al., 2011) . In Mediterranean-type vegetation, three types of adaptive strategies to fire regime can be distinguished: (1) individuals are affected by fire but they persist through resprouting (resprouters); (2) most individuals are killed by fire and populations mainly persist via a fire-resistant seed bank (seeders); and (3) individuals are protected from the effects of fire through adapted vegetative structures, such as a thickened bark (fire avoiders) (reviewed in Pausas, 2015) . Fire response can vary between populations of a species. For instance, some Mediterranean pine species display variable levels of seeding, with some populations developing canopy seed banks of closed 'serotinous' cones that persist in the canopy for years until high temperatures, often associated with fire, trigger seed release (Lamont et al., 1991; Tapias et al., 2004) . Moreover, some pine species combine variable degrees of serotiny with other characters typical of fire avoiders, e.g. a thickened bark, large and protected buds or self-pruning of the lower branches which prevents understorey fires from reaching the canopy easily (Tapias et al., 2004; Hern andez-Serrano et al., 2013) .
Fire regimes can affect a species' genetic constitution over time through interacting with its life history traits, and adaptive traits in particular. First, frequent fires can produce population bottlenecks by killing individuals before the canopy seed bank recovers, thereby reducing the effective population size and genetic diversity (Whelan, 1995) . Secondly, the fire regime can act as a selective driver on adaptive response traits of populations, leaving a signal on specific genes underpinning these traits (Parchman et al., 2012) . Thirdly, fire-mediated selection can alter seed traits or dispersal features (Saracino et al., 1997) , which will affect the distribution of related individuals or gene copies in a population, i.e. its spatial genetic structure (SGS). Fourthly, the local site conditions, such as shrub cover, aspect, slope, soil depth, ectomycorrhizal distribution and the amount of dead branches on the ground, can influence seedling establishment and survival after fire (Pausas et al., 2004b; Buscardo et al., 2011) . This can result in patchy recruitment and heterogeneous selection, which should affect SGS (Epperson, 1995; Linhart and Grant, 1996) and could leave distinct signatures at neutral and relevant adaptive genetic markers (e.g. see van Heerwaarden et al., 2010 for an example of SGS due to microenvironmental selection).
Empirical population genetic studies indicate that in seeder species, soil or canopy seed banks generally preserve population genetic diversity and buffer against demographic fluctuations (Templeton and Levin, 1979; Barrett et al., 2005; Ayre et al., 2009) unless fires are too frequent for the seed bank to recover between fire events (Bradstock et al., 1996) . For instance, Pinus halepensis, a typical seeder, featured similar levels of genetic diversity in unburnt stands and in stands regenerated after a fire (Schiller et al., 1997) . Several studies showed a weak spatial genetic structure in populations regenerated from seed after fire, suggesting a relevant overlap of seed shadows [e.g. for seedling cohorts in Persoonia mollis (Ayre et al., 2009) and Pinus halepensis (Gershberg et al., 2016) ; for mature stands of Nothofagus dombeyi (Premoli and Kitzberger 2005) ], although remnant seed-releasing adults surviving the fire can influence the pattern (Premoli and Kitzberger, 2005; Fajardo et al., 2016) . These empirical studies examined the population genetic effects of a single or a couple of fire events, but did not specifically address the evolutionary response of populations to frequent fires. To understand the evolutionary significance of frequent fires on genetic diversity and its spatial structure, it is pertinent to compare populations growing under different fire regimes. We address this gap and, in addition, we compare neutral and functional genetic markers, to explore possible selective effects of fire in a population genetics framework.
In this study, we investigated the impact of fire regime on genetic diversity, demography and genetic structure, including signals of selection, in natural stands of Pinus halepensis Mill. (Aleppo pine). The species has been exposed to a long fire history in the Mediterranean basin, which has shaped a mosaic of populations adapted to specific local fire regimes (Tapias et al., 2004; Hern andez-Serrano et al., 2013) . Pinus halepensis generally exhibits a seeder strategy where adults are killed by fire and viable seeds are preserved in serotinous cones in canopy seed banks (Lamont et al., 1991; Tapias et al., 2004) . The proportion of serotinous cones and other fire response traits depends on the stands' specific fire regime (Hern andez-Serrano et al., 2013) . Recruitment is generally massive and simultaneous in the first rainy season after a fire event and depends primarily on the seeds dispersed from the canopy seed bank. In areas where fires are absent or rare, recruitment occurs mainly in gaps based on seeds from non-serotinous cones. The germinability of recently dispersed seeds is high both in undisturbed and in post-fire stands, but it decreases rapidly and is negligible after two rainy seasons, so that P. halepensis has only a transient soil seed bank (Daskalakou and Thanos, 1996) . We sampled stands exposed to high or low frequency of crown fires (HiFi vs. LoFi) in the eastern Iberian Peninsula and genotyped neutral microsatellites (simple sequence repeats, SSRs) and functional, potentially adaptive single nucleotide polymorphisms (SNPs) defined in coding regions to test the following predictions: (1) HiFi stands should show lower genetic diversity and stronger signs of demographic bottlenecks than LoFi stands if frequent fires hampered the build-up of seed banks. (2) SNPs under firemediated selection should display increased differentiation between HiFi and LoFi stands because phenotypic differences in fire-adaptive traits between these stand types (Hern andezSerrano et al., 2013) suggest that differential selection pressures exist. These selection pressures should specifically and differentially affect the allele frequencies of relevant SNPs in HiFi vs. LoFi stands, causing increased differentiation, while neutral markers should only be affected by demographic processes. (3) HiFi stands should show more pronounced SGS than LoFi stands. This prediction arises from the observation of increased spatial aggregation of serotiny in HiFi stands (the same stands as this study; Hern andez- Serrano et al., 2013) . If this aggregation of serotiny was due to the recruitment of closely related seeds from clumped post-fire dispersal as suggested by Hern andez-Serrano et al. (2013) , then a stronger SGS in HiFi vs. LoFi stands should be expected. (4) SNPs under firemediated microenvironmental selection should display a stronger SGS than neutral markers, reflecting clumped recruitment of adapted individuals.
MATERIALS AND METHODS

Study species
Pinus halepensis Mill. (Aleppo pine) is a monoecious conifer tree species native to the Mediterranean basin, where it preferentially occupies dry sites (Tapias et al., 2004) . It is a pioneer species, featuring extensive wind-mediated pollen and seed dispersal (Steinitz et al., 2011) , and has a high colonization capacity . In regions with frequent standreplacing crown fires, P. halepensis populations show traits typical of the seeder strategy, including an early age of first flowering (4-8 years), retention of dead branches on the stem (which increases the likelihood of crown fires), and high levels of serotiny, i.e. a well-developed canopy seed bank which ensures post-fire regeneration Tapias et al., 2004) . In fire-free periods, serotinous cones persist on the trees and can maintain seed viability for >20 years (Tapias et al., 2004) . In regions with lower frequency of crown fires, seeder traits are less prevalent, recruitment is not dependent on serotinous cones and occurs mostly in gaps (Tapias et al., 2004; Hern andez-Serrano et al., 2013) .
Study sites and sampling
We chose a regional scale for this study to examine the population genetic effects of fire regimes while controlling for broad-scale processes such as glacial history. The study region in the east of the Iberian Peninsula harbours a single P. halepensis gene pool [see Fig. 1 ; Supplementary Data S1) and comprises populations in close proximity that are affected by contrasting fire regimes (Pausas, 2004; Hern andez-Serrano et al., 2013) . Needles were dried with silica gel and DNA was extracted using the Invisorb DNA Plant HTS 96 Kit (Stratec, Birkenfeld, Germany).
Genetic markers
Nuclear microsatellites. Samples were genotyped at nine SSRs (Supplementary Data S2). Forward primers were 5 0 -endlabelled with fluorochromes and amplification was performed using the Qiagen Multiplex PCR Kit (Qiagen, Venlo, The Netherlands) or Promega GoTaq mix (Promega, Madison, WI, USA) (S2). Amplified fragments were separated using an ABI 3730 genetic analyser (Applied Biosystems, Carlsbad, CA USA) and fragment sizes were determined with reference to the GeneScan TM -500 LIZ V R Size Standard (Applied Biosystems) using GeneMapper software version 4.0 (Applied Biosystems).
Single nucleotide polymorphisms. For SNP genotyping, we genotyped a 384-plex SNP assay designed from the aligned transcriptomic sequences of two individuals with extreme phenotypes regarding fire adaptation (specifically, with high and low numbers of serotinous cones; Pinosio et al., 2014) . The 384-plex also included 144 SNPs from candidate genes obtained by resequencing. SNP typing was conducted for all samples with IlluminaVeraCode V R technology. The conversion rate for the SNP assay was relatively high (approx. 66 %), and high-quality genotypes were obtained for 251 polymorphic SNPs (GC 50 score of approx. 82 %) representing 219 genes (including 88 candidate genes, with one or two SNPs assayed per gene).
Genetic diversity
The allelic richness (R S ), i.e. the sample size-adjusted mean number of alleles per locus, was computed for SSRs using FSTAT 2.9.3.2 (Goudet, 1995) . For both SSRs and SNPs, genetic diversity (H E ) was calculated in each stand using GENEPOP 4.0 (Raymond and Rousset, 1995) . The fixation index (F IS ) was computed, and deviation from zero (HardyWeinberg genotypic proportions) was tested using 10 000 permutations of alleles within populations in SPAGeDi 1.4c (Hardy and Vekemans, 2002) . Differences for H E , R S and F IS between groups of HiFi and LoFi stands were assessed using permutation tests in FSTAT.
Demographic history
Simple sequence repeats were used to assess demographic history in each stand using complementary approaches. First, Cornuet and Luikart's (1996) T 2 statistic, reflecting the deviation of gene diversity from expectations at demographic equilibrium, was computed using the Two-Phase Model (TPM) with default parameter settings in Bottleneck 1.2.02 (Piry et al., 1999) and significance was tested using Wilcoxon's signed rank test. Secondly, Garza and Williamson's (2001) M was calculated as the ratio of the number of alleles over the allele size range using ARLEQUIN 3.5.1.3 (Excoffier and Lischer, 2010) . After a severe bottleneck event, M is predicted to decline because the number of alleles should decrease faster than the allele size range. A value below the critical M C ¼ 0Á68 indicates a bottleneck event (Garza and Williamson, 2001) . While T 2 is most appropriate to detect recent, weak bottlenecks, M is best suited to detect older and longer-lasting bottlenecks (Williamson-Natesan, 2006). Finally, a coalescent framework and Approximate Bayesian Computation (ABC) were used to examine historical population size changes in the ISPs and visualize them in skyline plots (Ho and Shapiro, 2011 ; see details in Supplementary Data S3).
Testing for regional-scale selection
To assess whether any SNPs (taking into account 179 SNPs with a minimum allele frequency >0Á1) were under firemediated selection at the regional scale, we used an outlier detection approach based on F-statistics in a hierarchical island model (Excoffier et al., 2009) as implemented in ARLEQUIN 3.5 (Excoffier and Lischer, 2010) , grouping HiFi vs. LoFi populations. Outlier loci with unusually strong differentiation were detected by comparison with a 99 % null distribution envelope for F ST . In addition, we used the Bayesian approach implemented in BAYESCAN 2.1 (Foll and Gaggiotti, 2008) to identify high differentiation outliers. A false discovery rate (FDR) approach based on posterior odds ratios (analogous to Bayes factors) was employed for outlier identification.
Fine-scale spatial genetic structure Spatial genetic structure patterns. Fine-scale SGS was assessed in all stands separately for SSRs and SNPs, as described by Vekemans and Hardy (2004) . Kinship coefficients F (Loiselle et al., 1995) were calculated in SPAGeDi 1.4c for all pairs of individuals and regressed on the logarithm of spatial distance. Significance of SGS was tested by comparing the regression slope b with its distribution obtained from 10 000 permutations of individual locations. The strength of SGS was estimated as Sp ¼ -b/(1 -F 1 ) (Vekemans and Hardy, 2004) where F 1 is the kinship coefficient in the first distance class. To test the hypothesis of a stronger SGS in HiFi populations, expected if dispersal and recruitment patterns were clumped due to high fire frequency as suggested by Hern andez-Serrano et al. (2013), we conducted SGS analysis using SPAGeDi within each stand type by grouping pairwise comparisons across stands within fire regimes. Differences in SGS between fire regimes were tested with t-tests on per-locus b and comparison of 95 % jackknife confidence intervals (CIs) of b (a steeper slope indicating stronger SGS; Vekemans and Hardy, 2004 ). These analyses observed > F IS expected: *P < 0Á05; ***P < 0Á001; n.s., not significant).
increased the number of pairwise comparisons in each analysis and thus resulted in higher power.
Testing for microenvironmental selection. Selective processes that operate spatially during recruitment may specifically affect (some) functional SNP markers and thereby the SGS pattern they display. If spatially explicit microenvironmental selection occurred and left a detectable signal, the adaptively relevant SNPs should show significantly stronger SGS than neutral markers (see van Heerwaarden et al., 2010) . We first compared global SGS between SNPs and SSRs by comparing the jackknife 95 % CIs of b (as above). These CIs take marker power implicitly into account as they depend on the number and power of markers (see SPaGeDi User Manual). Secondly, as each locus represents an independent estimate of SGS, we applied Welch's t-test for (unequal) samples with unequal variances (Welch, 1947) on per-locus b values obtained from SNPs vs. SSRs. To investigate further whether any particular SNPs were candidates for spatially explicit microenvironmental selection, we identified the loci that displayed exceptionally strong SGS within stands, namely those with b smaller than [first quartile (b) -1Á5 Â interquartile range], as inferred with the 'boxplot' function in R, and compared them across stands. Finally, we applied an FDR approach to the P-values of b using the package 'fdrtool' (Strimmer, 2008 ) and compared the retained SNPs (i.e. those with a significant q-value) across stands.
Annotation of SNP markers
Annotations for candidate SNPs putatively under selection at both regional and local spatial scales were obtained by retrieving their corresponding full-length transcripts and annotation (Pinosio et al., 2014) as well as by BLASTX searches in NCBI's GenBank.
RESULTS
Genetic diversity and demographic history
Fire regime had no effect on allelic richness, genetic diversity or the inbreeding coefficient; these statistics were similar across all P. halepensis stands (Table 1) , and the permutation tests to assess differences between HiFi and LoFi stands were nonsignificant. SSR data indicated Hardy-Weinberg genotypic proportions in seven out of the eight stands (see also Supplementary Data Table S2Á2 ) while SNP data revealed a weak but significant homozygosity excess in all stands. A demographic signal related to fire regime was not observed (Table 2) . Recent bottleneck signals were detected in all stands under the TPM in the Bottleneck program. The GarzaWilliamson M ratio, which typically detects old and longlasting population size declines, did not show strong evidence of bottlenecks. The ABC skyline plots were in agreement with these results; they were visually similar across stands and showed a recent population size decline (Supplementary Data  Fig. S3Á1 ).
Signs of selection at the regional scale
The hierarchical model contrasting HiFi vs. LoFi stands in ARLEQUIN identified four high F ST outlier SNPs based on a 99 % confidence envelope (Fig. 2 ). Of these, three had P < 0Á001 and F ST > 0Á15, for an overall multilocus F ST of 0Á03. The same three loci were retained in BAYESCAN, with q < 0Á05, and two of them were located on the same transcript, coding for a b-tubulin; the third coded for phytochrome N (Table 3) .
Genetic structure and signs of selection at the local scale Significant SGS was found across HiFi or LoFi stands at both SSRs and SNPs (Table 4 ; Figs 3 and 4A). Although the SGS was weak in all stands, our hypothesis of increased SGS for the HiFi regime was confirmed with SNPs: HiFi stands displayed approximately three times stronger SGS than LoFi stands, Sp ¼ 0Á0094 vs. Sp ¼ 0Á0027 (Table 4 ; nonoverlapping 95 % CIs of regression slope b, Fig. 4A ; Student's t-test: t ¼ -6Á067, d.f. ¼ 485, P ¼ 1Á416e-09). For SSRs, which had lower power (see Supplementary Data S4 for a simulation approach comparing power at SNPs and SSRs), SGS did not differ between fire regimes (Table 4 ; Fig. 4A ; Student's t-test: t ¼ -0Á028, d.f. ¼ 16, P ¼ 0Á489). At the population level, SNPs displayed significant SGS in four HiFi and in one LoFi stand, while SSRs displayed significant SGS in one HiFi and one LoFi stand (Table 4) .
The search for signals of microenvironmental selection revealed a numerically stronger SGS at functional SNPs than at anonymous SSRs across HiFi stands; however, the difference was only marginally significant (Sp ¼ 0Á0094 vs. Sp ¼ 0Á0045, Table 4 ; overlapping CIs for b, Fig. 4A ; Welch's t-test: t ¼ -1Á508, d.f. ¼ 10, P ¼ 0Á081). At the population level, two HiFi stands, Alzira and Serra Calderona, displayed stronger SGS at SNPs than at SSRs, suggesting spatially explicit microenvironmental selection detectable at the ensemble of the SNP data (Table 4 ; non-overlapping 95 % CIs for b, Fig. 4B ; Welch's t-test: t ¼ -2Á7451, d.f. ¼ 11Á418, P ¼ 0Á009 in Serra Calderona and P ¼ 0Á058 in Alzira). Low precision of SSRs for SGS estimation, as illustrated by their large CIs (see also S4), may have prevented significant tests in other populations, in particular Cabanes (Fig. 4B) .
To explore signals of microenvironmental selection at individual SNPs, we examined outliers for within-population SGS b, regression slope; Sp, intensity of the SGS; P-values of regression slope b, n.s., not significant P > 0Á1.
and found 5-20 SNPs with strongly negative b in each population (but no outliers for the opposite tail of b, Supplementary  Data Fig. S4Á3 ). Nine outlier SNPs were shared among at least two populations, and two of them were shared among three populations (Table 5 ). The more stringent FDR approach revealed that individual HiFi stands had between 0 and 32 SNPs with significant q-values (none in Serra d'Irta and in Alzira, one in Cabanes, six in Serra Calderona and 32 in Eslida), while LoFi stands did not feature any SNP with a significant q-value. Three of the SNPs with q < 0Á05 were significant in two populations (Serra Calderona and Eslida), two of them overlapping with the previous set of nine strongly structured SNPs (Table 5 ). The annotation of the retained SNPs (Table 3 ) revealed that two of these candidate SNPs are located on the same transcript (32435) coding for an ATP-binding protein, with SNP 32435-5706 coding for an amino acid change. A further nonsynonymous change occurred in a phospholipase A2-like protein coded for by SNP 0_7183_01-253. Several candidate SNPs showed synonymous mutations, such as SNP 15979-616, part of a cobra-like gene, or were located in untranslated regions, e.g. SNP 8968-3592 belonging to a gene coding for trehalose-6-phosphate synthase. No outlier candidate SNP or transcript detected at the local scale overlapped with those identified at the regional scale above.
DISCUSSION
In this work, we showed that different regimes of crown fire frequency did not lead to differences in genetic diversity or inferred demographic history in natural populations of Pinus halepensis. However, candidate SNPs for fire-mediated selection were detected at the regional scale. Despite a weak SGS in all P. halepensis populations, HiFi stands displayed a stronger spatial genetic structure than LoFi stands, suggesting a more clumped recruitment of related individuals under HiFi. Furthermore, we identified SNPs with exceptionally strong or significant SGS within several populations, indicating that microenvironmental selection possibly contributed to enhancing local genetic structure.
Levels of genetic diversity are maintained under high fire frequency
We expected a reduction in genetic diversity and stronger bottleneck signals in Mediterranean pine stands exposed to frequent crown fires. However, genetic diversity and estimates of effective population sizes were not affected by fire regime in natural P. halepensis stands. Similar findings have been reported for the fire-adapted obligate seeder Ulex parviflorus (Moreira et al., 2014) . Genetic diversity can be preserved through frequent fires because of adaptations to fire, such as an early age of first flowering and a diverse canopy seed bank due to serotiny (Templeton and Levin, 1979; Ayre et al., 2010) , and because of high levels of gene flow Shohami and Nathan, 2014) . In the Proteaceae species Banksia hookeriana, for example, genetic diversity in a 9-year-old canopy seed bank accumulated rapidly: the first reproduction event after fire already accounted for >80 % of the genetic diversity detected (based on the Shannon index I) and genetic variation between seed crop years was small (Barrett et al., 2005) . In P. halepensis, we suggest that abundant pollen gene flow contributes to a fast post-fire recovery of a diverse canopy seed bank, in agreement with higher pollination distances observed in the vegetation-free post-fire landscape (Shohami and Nathan, 2014) .
Demographic history
Recent bottleneck signals were detected in all stands independently of fire regimes. The ABC skyline plots suggested that the bottlenecks occurred in the latest tens to hundreds of generations, more recently than the 2000-3000 generations old bottlenecks that characterize Taxus baccata, a conifer that does not occur in fire-prone environments (Burgarella et al., 2012) . Assuming a generation time of 25 years in P. halepensis (see Willyard et al., 2006) , the bottlenecks in our study would correspond to post-glacial or Holocene events (i.e. more recently than the last glacial maximum approx. 20 000 years BP). This dating must be interpreted with caution as it depends on the assumed generation times and mutation rates. The bottleneck timing is potentially congruent with the Late Pleistocene or post-glacial recolonization of the Western Mediterranean basin from the Balkan Peninsula suggested for this species (Bucci et al., 1998; Morgante et al., 1998) . The bottleneck signatures could additionally reflect a population size reduction during a mid-Holocene phase of low fire incidence in the East Iberian study region, during which the fire-dependent P. halepensis was near-absent (but it was abundant before and after this period; Carri on and Van Geel, 1999) . There is additional evidence that oak forest replaced pine forest in the south-eastern Iberian Peninsula between approx. 8000 and 5500 BP, concomitantly with a reduction in fire frequency (Vannière et al., 2011) . It appears thus that the bottlenecks detected in the study stands do not reflect recent fire events but are instead explained in terms of regional population genetic history.
Population genetic effects of frequent fires
We detected two main effects of different crown fire regimes: signals of selection at the regional scale and increased spatial genetic structure within HiFi stands. The SNPs under selection between HiFi and LoFi stands are located in genes involved in wood formation (b-tubulin; Oakley et al., 2007) and circadian rhythms (phytochrome N; Mathews, 2010) . Although they do not encode amino acid substitutions, synonymous substitutions and mutations in untranslated regions have been shown to affect phenotypes through various mechanisms (Hunt et al., 2014) . Therefore, our candidates could potentially play a role in the expression of fire-related traits, such as increased serotinous cone formation observed under HiFi (Hern andez-Serrano et al., 2013).
Higher SGS under frequent crown fires was expected because of previous indications of clumped post-fire recruitment near burnt adults (Ne'eman and Izhaki, 1998) and significant spatial autocorrelation of fire-related phenotypes (i.e. serotiny) in our study stands (Hern andez-Serrano et al., 2013; also reported in Table 4 ). Hern andez- Serrano et al. (2013) suggested that spatial autocorrelation for serotiny in HiFi stands reflected restricted overlapping of post-fire seed rain shadows. Our results sustain this explanation (but see below), demonstrating a high genetic relatedness at short distances, thus suggesting clumped recruitment of related individuals around their mothers in post-fire conditions where space and resources are, in principle, available. In LoFi stands, in contrast, weak SGS seems to indicate a more efficient genetic mixing in pollination and seed dispersal. Thus, the more gradual, fireindependent recruitment in small gaps in these stands does not result in marked clumped family structures, in contrast to observations of increased genetic relatedness at short distances in old-growth vs. post-fire stands of other lightdependent tree species (Premoli and Kitzberger, 2005; Fajardo et al., 2016) .
Dispersal-related differences between fire regimes should similarly affect SGS at SNPs and SSRs in the absence of selection. In our study, SSRs did not detect any difference in SGS between fire regimes, which can be largely explained by their lower power (see Fig. 2; S4) . We detected numerically stronger SGS at SNPs than at SSRs in HiFi stands (P ¼ 0Á081), which raises the possibility that spatially explicit selective processes could be involved in enhancing SNP-based SGS. The assayed SNPs are enriched in genes that are potentially relevant for adaptation to fire regimes, as many SNPs were designed from the transcriptomes of individuals with P-values: *P < 0Á05; **P < 0Á01; ***P < 0Á001. extreme serotiny phenotypes (Pinosio et al., 2014) . Pinus halepensis is a strongly fire-dependent species, with a high risk of post-fire adult mortality and opportunity for microenvironmental selection in relation to the expression of fire-related traits (Fernandes et al., 2008) . Heterogeneous, patch-dependent selection can result in increased SGS (Epperson, 1995; Linhart and Grant, 1996) , which should particularly show at genes targeted by selection, or at loci linked to them. Selection at short spatial scale can be caused by microenvironmental factors that influence post-fire seedling establishment and survival (Pausas, 2004; Buscardo et al., 2011) . In P. halepensis in particular, abundant post-fire regeneration was observed in sites with large amounts of branches on the ground (which create appropriate microclimatic conditions), with northern aspects, with high prefire basal area and on terraced slopes (Pausas et al., 2004b) .
When examining specific SNPs for signs of microenvironmental selection, we retained nine loci with either particularly strong or significant SGS in at least two populations, suggesting the occurrence of parallel spatially explicit selection processes in the stands concerned. Some of these SNPs were detected in LoFi stands, suggesting that selection processes responded to other microenvironmental features (e.g. soil depth, water, nutrient and light availability or biotic interactions) besides fire. We indeed observed that regional and local-scale selection targeted different genes. Among the nine retained candidate SNPs at the local scale, two are located on the same transcript, coding for an ATP-binding protein, including a non-synonymous SNP. Mutations in ATP-binding sites have previously been related to stress response (Cross and Templeton, 2004) . A second nonsynonymous SNP was located in a region coding for a phospholipase A2-like protein. Phospholipases A2 (PLA2s) mediate signalling cascades during plant growth and development, and intervene in biotic and abiotic stress responses, particularly in drought stress (Verlotta et al., 2013) . We further detected a synonymous substitution in a cobra-like gene probably involved in cell formation and cellulose content (Thumma et al., 2009 ) and a mutation in an untranslated region of a trehalose-6-phosphate synthase-coding gene probably involved in abiotic stress responses (Iordachescu and Imai, 2008) . These functions could be relevant to cope with different types of biotic and abiotic stresses such as those projected under impending climate change (e.g. drought, fire); therefore, they deserve further attention in the future.
Overall, we detected few SNPs with robust evidence for selection. This result is in agreement with recent work on fire adaptation in pines where models that combine the expected small effects of multiple loci (i.e. polygenic adaptation) predict fire-related traits more successfully than single-locus models (e.g. for serotiny, Parchman et al., 2012; Budde et al., 2014) . Future research into microenvironmental selection associated with fire in this system is a promising avenue, and could proceed by examining the combined effects of multiple loci on fire phenotypes within populations.
CONCLUSIONS
Predicting plant responses to future fire regime changes is challenging and complex (Keeley et al., 2012) . With global change, fire frequency is expected to increase, including in areas where fire has not had an important impact so far (e.g. Pausas, 2004; Pausas and Keeley, 2014) . In a region with a long fire history, P. halepensis stands retained their genetic diversity under frequent fires and responded to fire-related and other selection pressures at regional and local scales. Our results suggest that increases in fire frequency in regions that are so far little affected by fire can lead to altered recruitment patterns with stronger family structures and response to natural selection in P. halepensis and in other species with similar life history traits.
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